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Lattice Boltzmann method is used to determine the hydrodynamic force
Flow past a spherical particle in a wide range of Reynolds numbers 
Flow past a non-spherical particle in a wide range of Reynolds numbers 




Lattice Boltzmann method was used to predict the fluid-particle interaction for 
arbitrary shaped particles. In order to validate the reliability of the present approach, 
flow past a single stationary spherical, cylindrical or cubic particle is conducted in a 
wide range of Reynolds number (0.1̆Rep˘1000). Simulated results indicate that the 
drag coefficient is closely related to the particle shape, especially at the high Reynolds 
number. The resolution of spherical particle plays a key role in accurately predicting 
the drag coefficient at high Reynolds numbers. For the non-spherical particle, the drag 
coefficient is more influenced by the particle morphology at moderate or high 
Reynolds numbers than at low ones. Good agreements between he simulated drag 
coefficient values and the experimental date or empirical correlations are achieved for 
both the spherical and non-spherical particles. 
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1. Introduction 
The fluid-particle flow occurs widely in natural and industrial processes, such as 
dust and pollutant in air, sediment grains transport in rivers, gas/liquid-particle flows 
in chemical reactors and many others (Holzer and Sommerfeld, 2009; Ouchene et al., 
2015). The comprehensive knowledge about the drag force on a single particle is 
essential for understanding the complexly physics of fluid-particle flow. Numerous 
efforts have been focused on the fluid drag on a spherical particle to obtain an 
appropriate correlation (Fair and Geyer, 1954; Haider and Levenspiel, 1989; Yow et 
al, 2005). Most of the experimental drag coefficient values wre obtained by particle 
settling experiments at low Reynolds number and by wind tunnel experiments at high 
Reynolds number (Holzer and Sommerfeld, 2009). Several correlations for the 
spherical particle have been proposed in the literature with different accuracy and 
range of applicability (Brown and Lawler, 2003). Based on a critical review of the 
published data, Clift et al. (1978) proposed a correlation consists of 6 polynomial 
equations with 18 fitted constants. This correlation shows better goodness of fit to the 
408 experimental data reported in the literature. Brown and Desmond (2003) 
reviewed the historical experimental efforts about the fluid dynamics drag on a 
spherical particle since the beginning of 20th century, and concluded that the 
correlation by Clift et al. (1978) is the best for drag coefficient for spheres, dpite of 
the slight discontinuities at some transition points from one Reynolds number range to 
another. 
A noteworthy fact is that non-spherical particles rather tan perfect sphers are 
generally involved in practical fluid-particle systems. Such shape diversity adds 
difficulties in estimating the fluid-particle interaction (Rong et al., 2015). For the 
non-spherical particles, Holzer and Sommerfeld (2008) plotted the exp rimental drag 
coefficients verse Reynolds numbers, for a number of different shapes including 
spheres, disks and plates, lengthwise spheroids and streamline bodies, isometric 
particles (e.g., cubes, tetrahedrons and octahedrons) and some irregular shaped 
particles. It was observed that the particle shape had a strong influence on the profile 
of drag coefficient. The correlations for spherical particle were not valid for the 
non-spherical particle since the drag coefficient was cloely related to particle shape. 
Up to now, several drag correlations for non-spherical particles have been proposed 
from the experimental data (Haider and Levenspiel, 1989; Ganser, 1993; Holzer and 
Sommerfeld, 2008). Haider and Levenspiel (1989) proposed the first generalized 
correlation to associate the drag coefficient with the Reynolds number for spherical 
particle and non-spherical particle, the so-called sphericity was introduced to describe 
the effect of particle shape. Ganser (1993) assumed that each isolated particle 
experiences a Stokes’s regime where drag was proportional to velocity and a 
Newton’s regime where drag was proportional to the square of velocity, and then 
developed a correlation for both spherical and non-spherical particles containing the 
Stokes’ shape factor and the Newton’s shape factor. A simple correlation for the drag 
coefficient of an arbitrary shaped particle was established based on a large number of 
experimental data published in the literature (Holzer and Sommerfeld, 2008). The 
mean relative deviation between this correlation and 2061 experimental data for 
different shapes was 14.1%, which was much lower than that of 383% and 348% for 
correlations of Haider and Levenspiel (1989) and Ganser (1993), respectively. The 
commonly used correlations for spherical and non-spherical particles are list in 
Table1. 
 
Table 1 Drag correlation for single particle 
 Correlation 
Clift et al. (1978) 
系帖 噺 にね迎結 髪 ぬなは   ┸ 迎結 隼 ど┻どな  系帖 噺 にね迎結 範な 髪 ど┻なぬなの迎結岫待┻腿態貸待┻待泰栂岻飯   ┸    ど┻どな 判 迎結 判 にど 系帖 噺 にね迎結 岫な 髪 ど┻ひぬの迎結待┻滞戴待泰岻   ┸   にど 判 迎結 判 にはど lαα怠待 系帖 噺 な┻はねぬの 伐 な┻なにねに拳 髪 ど┻なののぱ拳態   ┸    にはど 判 迎結 判 なのどど lαα怠待 系帖 噺 伐に┻ねのばな 髪 に┻のののぱ拳 伐 ど┻ひにひの拳態 髪 ど┻などねひ拳戴                       なのどど 判 迎結 判 なにどどど lαα怠待 系帖 噺 伐な┻ひなぱな 髪 ど┻はぬばど拳 伐 ど┻どはぬは拳態     ┸   なにどどど 判 迎結 判 ねねどどど  lαα怠待 系帖 噺 伐ね┻ぬぬひど 髪 な┻のぱどひ拳 伐 ど┻なのねは拳態    ┸    ねねどどど 判 迎結 判 ぬぬぱどどど w 噺 lαα怠待 迎結, 剛 is the sphericity 
Haider and Levenspiel 
(1989) 
系帖 噺 にね迎結 岷な 髪 畦迎結喋峅 髪 系峙な 髪 帖眺勅峩 A 噺 exβ岫に┻ぬにぱぱ 伐 は┻ねのぱな剛 髪 に┻ねねぱは剛態岻 B 噺 ど┻どひはね 髪 ど┻ののはの剛 C 噺 exβ 岫ね┻ひどの 伐 なぬ┻ぱひねね剛 髪 なぱ┻ねににに剛態 伐 など┻にのひひ剛戴岻 D 噺 exβ 岫な┻ねはぱな 髪 なに┻にのぱね剛 伐 にど┻ばぬにに剛態 髪 なの┻ぱぱのの剛戴岻 剛 is the sphericity 
Ganser 
(1993) 
系帖計態 噺 にね迎結計怠計態 岷な 髪 ど┻なななぱ岫迎結計怠計態岻待┻滞泰滞胎峅 髪 ど┻ねぬどのな 髪 戴戴待泰眺勅懲迭懲鉄 計怠 噺 岾怠戴 髪 態戴 剛岫貸迭鉄岻峇貸怠 伐 に┻にの 鳥寧帖  for isometric shaped particle 計怠 噺 岾怠戴 鳥韮鳥寧 髪 態戴 剛岫貸迭鉄岻峇貸怠 伐 に┻にの 鳥寧帖   for nonisometric shaped particle  計態 噺 など怠┻腿怠替腿岫貸 lαα迭轍 笛岻轍┻天店填典岻 剛 is the sphericity 
Holzer and Sommerfeld 
(2008) 
系帖 噺 ぱ迎結 な紐剛勘 髪 なは迎結 な紐剛 髪 ぬヂ迎結 な剛典填 髪 ど┻ねになど待┻替岫貸 lαα 笛岻轍┻鉄 な剛鯛 剛勘 is the crosswise sphericity 剛鯛 is the lengthwise sphericity 
 
Numerical simulation is an effective alternative method for predicting the flow 
past a single particle. Most of these investigations were limited to low-to-moderate 
Reynolds numbers, based on the Finite Volume (FV) method. J hnson and Patel 
(1999) simulated the flow of incompressible viscous fluid past a sphere over flow 
regime for Reynolds number up to 300. Their numerical results showed good 
agreement with the experimental observations. Bagchi et al. (2001) investigated the 
flow and heat transfer past a sphere in a uniform cross-fl w for Reynolds numbers up 
to 500. Atefi et al. (2007) carried out computations to determine the fluid drag of 3-D 
flow past a stationary sphere at low and moderate Reynolds numbers in the range of 
0.1~200. For the case of non-spherical particle, Dwyer and Dandy (1990) performed 
the simulations of flow past a non-spherical particle in a moderate Reynolds numbers 
range (10≤Rep≤66), the effect of particle shape and orientation on the dynamics for e
and heat transfer characteristics were investigated in their study. Saha (2004, 2006) 
simulated the flow transition and heat transfer past a cube in R ynolds number range 
of 20~400. Valil and Green (2009) simulated the flow past two dimensional cylinders 
for Reynolds numbers in the range of 1~40, the effect of aspect ratios and inclination 
angle on the drag and lift coefficients were analyzed in their work. Richter and 
Nikrityuk (2013) investigated the dynamic force and heat transfer process for flow 
past ellipsoidal and cubic particles. On the other hand, the Lattice Boltzmann (LB) 
method was developed to calculate the fluid-particle hydrodynamics force by Ladd 
(1994a; 1994b). The most notable feature of LB method is that the computational cost 
scales linearly with the number of particles. In the past 20 years, the increasing efforts 
have been carried out on flow past single particle or arrays of particles (Peng and Luo, 
2008; Holzer and Sommerfeld, 2009; Rong et al., 2013; Zhou and Fan, 2015). Peng 
and Luo (2008) simulated the steady and unsteady flows past a 2-dimensional circular 
cylinder with the Reynolds number of 20 and 100. Rong et al. (2009) investigated the 
flow past a sphere for Reynolds number up to 400. The drag, lift and torque for flow 
past a non-spherical particle was determined in the Reynolds number range of 
0.3~240 by Holzer and Sommerfeld (2009). Although both the FV and LB methods 
have been applied to simulate the flow past a single spherical o  non-spherical particle, 
most of these investigations focused on the flow at low or moderate Reynolds 
numbers (Rep≤500). 
Discrete element method (DEM) has become an effective alternative to describe 
the movement of non-spherical particle. Several methods have been developed for 
modelling different shaped particles in DEM: composite particles, smooth and 
continuous surface particles, combined surface particles and digital par icles (Favier 
et al., 1999; Jia and Williams, 2001; Jia et al., 2007; Wachs et al., 2012; Boon et al., 
2013). Each method has its advantages and disadvantages in terms of accuracy, 
versatility, complexity and speed (Dong et al., 2015). In the investigations described 
in this series, DigiDEM coupled with LB method is used to simulate particle 
movements in fluidised beds. DigiDEM is an implementation of the DEM, but instead 
of spheres it uses voxels (3d pixels) to represent particles (Caulkin et al, 2009). The 
basic concept of this voxel based approach is that any shaped p rticle – including its 
internal structure, surface texture as well as the overall shape – can be represented by 
a coherent collection of voxels. The resolution depends on how accurate the shape 
needs in particular applications (Jia and Williams, 2001; Jia et al., 2007). Compared 
with other methods, the digital approach is not limited to mathematically easily 
describable shapes. The voxels are used to represent an arbitrary shaped particle; the 
computational cost is dependent on the total number of voxels and relatively 
independent of shape complexity. Since both DigiDEM and LB method operate on 
the same regular lattice grids, it is conceptually easy to couple the two, and the 
coupling has the potential for describing fluid-particle interactions better than existing 
methods for fluidised beds involving particles of arbitrary shapes. Accurate prediction 
of drag force on individual particle is fundamental in understanding the hydrodynamic 
behaviour of a fluidised bed. In order to validate the predictive ability of the program, 
a LB implementation is tested over a much wider range of Reynolds number for 
different shapes in this study. The fluid drag acting on a particle is represented in 
terms of the drag coefficient. The influences of particle resolution, Reynolds number 
and particle shape on the drag coefficient are carefully analysed, and results compared 
with the experimental data and the empirical correlation published in the literature. 
 
2. Mathematical model and numerical method 
2.1. Lattice Boltzmann method 
The LB method is originated from the Lattice Gas Automata (LGA). Compared to 
the traditional CFD method that solve the Navier-Stokes equation for the macroscopic 
fluid dynamics, i.e. pressure and velocity, the LB method can be used to simulate 
fluid flow in terms of the particle distribution function, which exist at each of the grid 
nodes that make up the fluid domain (Yu and Fan, 2010; Li et al., 2016). The particle 
distribution functions relate the probable amount of fluid particles moving with a 
discrete speed in a discrete direction at each lattice nodat each time increment. The 
particle distribution functions are analogous to the continuous, microscopic density 
function of the Boltzmann equation. For the LB method, time and space coordinates 
are discretized with velocity range in phase space limited to a finite set of vectors that 
represent the directions in which the fluid particles can tr vel. The D3Q19 model is 
employed in this study, as shown in Fig. 1. It has 18 discrete lattice velocities with 
one fluid particle at rest. Components of D3Q19 lattice are listed n matrix as 
算餐 噺 c 煩ど な 伐など ど どど ど ど       ど ど どな 伐な どど ど な     ど な 伐など な な伐な ど ど      伐な な な伐な 伐な どど ど な     伐な 伐な など ど どな 伐な な     ど ど どな 伐な 伐なな な 伐な    どな伐な晩  (1) 
 
 
Fig. 1. Schematic of D3Q19 lattice 
 
The basic LB method algorithm involves the streaming and collision processes at 
each node and each time step: streaming process propagates particle distribution 
function value between neighbour nodes (Eq. 2); collision process redi tributes the 
functions that arrive at each node (Eq. 3), as expressed: 
血辿岫捲 髪 潔辿ッ建┸ 建 髪 ッ建岻 噺 血辿茅岫捲┸ 建岻                     (2) 血辿茅岫捲┸ 建岻 噺 血辿岫捲┸ 建岻 髪 よ辿岫血岫捲┸ 建岻岻                    (3) 
where 〉x is the lattice spacing, 〉t is the explicit time step, 血辿茅岫捲┸ 建岻 and 血辿岫捲┸ 建岻 are 
the post-collision and pre-collision distribution functions, respectiv ly. よ辿岫血岫捲┸ 建岻岻 is 
the collision operator, it controls the relaxation rate of particle distribution function.  
Kinetic model: The relaxation process of the LB method acts on the 
non-equilibrium part of the distribution functions at a node to drive them towards 
equilibrium. By assuming that the collision operator relaxes the local particle 




















appropriate equilibrium distribution function, the Bhatnagar-Gross-Krook (BGK) 
model was proposed by researchers, the collision term in BGK model is written as 
よ辿盤血岫捲┸ 建岻匪 噺 伐 怠中 峙血辿岫捲┸ 建岻 伐 血辿岫奪単岻岫捲┸ 建岻峩                (4) 
here, k is the relaxation time and it controls the rate at which the distribution functions 
tend toward equilibrium value, and fluid viscosity as follows 
荒 噺 怠戴 岫ぷ 伐 怠態岻 ッ淡鉄ッ担                           (5) 
where 〉x is the lattice spacing, 〉t is the time increment, and the lattice speed is 
defined as c = 〉x/〉t. 血辿岫奪単岻岫捲┸ 建岻 is the equilibrium distribution function which is 
obtained from the macroscopic values of the velocity and density.  
血辿岫奪単岻 噺 ù辿び 峙な 髪 達套ゲ探達棟鉄達鉄 髪 岫達套ゲ探岻鉄態達棟填 伐 探鉄態達棟鉄峩                   (6) 
For the D3Q19, it can be given as following 
血辿岫奪単岻 噺 怠戴 び 峙な 伐 戴態 探鉄達鉄峩 ┸            i 噺 ど                 (7) 
血辿岫奪単岻 噺 怠怠腿 び 峙な 髪 ぬ 達套ゲ探達鉄 髪 苔態 岫達套ゲ探岻鉄達填 伐 戴態 探鉄達鉄峩 ┸           i 噺 なｂは        (8) 
血辿岫奪単岻 噺 怠戴滞 び 峙な 髪 ぬ 達套ゲ探達鉄 髪 苔態 岫達套ゲ探岻鉄達填 伐 戴態 探鉄達鉄峩 ┸         i 噺 ばｂなぱ        (9) 
where ù辿 is the weight factor for the i velocity direction, と and u are the macroscopic 
density and velocity, respectively.  
It necessary to point out that the Navier-Stokes equations can be recovered in the 
near-incompressible limit with isotropy, Galilean invariance and a velocity 
independent pressure from the lattice BGK model through the Capman-Enskog 
expansion (Owen et al., 2011; Delbosc et al., 2014) as 
柱茶柱担 髪 椛 ゲ 岫びu岻 噺 ど                         (10) 
柱岫茶探岻柱担 髪 椛 ゲ 岫びuu岻 噺 伐椛β 髪 で岫椛態岫びu岻 髪 椛盤椛 ゲ 岫びu岻匪岻          (11) 
with an error proportional to O (Ma3) in space and proportional to O (Ma·∆t) in time, 
where Ma=u/cs is the Mach number of the system, β 噺 c坦態び is the pressure, c坦 噺c【ヂぬ is the speed of sound. 
 
2.2. Subgrid turbulence model 
In order to model the unresolved scales of motion at high Reynolds numbers, the 
Smagorinsky model is used to describe the physical effects (Smagorinsky, 1963). This 
model relates the eddy viscosity to the local strain rate tensor, as follows 
で担誰担叩狸 噺 で待 髪 で担                        (12) 
where ち is the total effective viscosity, ち0 and ちt are the physical viscosity and eddy 
viscosity, respectively. The eddy viscosity can be calculated from the local stress 
tensor 
で担 噺 Cッ態】S博】                          (13) 
where C is the Smagorinsky constant, ッ is the filter width, and 】S博】 is the magnitude 
of the local stress tensor 
】S博】 噺 謬にS博池痴S博池痴                       (14) 
S博池痴 噺 怠態 岫柱探拍同柱淡堂 髪 柱探拍堂柱淡同岻                     (15) 
In the LB method, the fluid viscosity is governed by the relaxation time. So the 
eddy viscosity is incorporated into l cal relaxation time ks as  
ぷ坦 噺 ぬで担誰担叩狸 髪 怠態 噺 ぬ岫で待 髪 Cッ態】S博】岻 髪 怠態             (16) 
The local intensity of the strain tensor is computed from the non-equilibrium 
momentum flux tensor 
テ拍 池痴 噺 デ c辿池c辿痴岫f辿 伐 f辿岫奪単岻岻怠腿辿退怠                  (17) 
The solution of the intensity of local stress tensor is:  
】S博】 噺 怠滞大綻鉄 岫謬で待態 髪 なぱC態ッ態紐テ池痴テ池痴 伐 で待           (18) 
 
2.3. Flow configuration 
The influence of computational domain size on the time-averaged drag coefficient 
was previously carried out to obtain the values for unbounded flow. Based on the 
independency simulation at lower and higher Reynolds numbers, the domain size 
related to the geometry of 12d × 10d × 10d was found to be adequ te in this study. 
The computational domain is plotted in Fig. 2. The single particle is fixed in the flow 
domain. The no-slip boundary condition is imposed on the particle surface. In relation 
to this configuration, a uniform flow with constant velocity is specified at the inlet, 
and the periodic boundary is imposed at the side walls. The stress-fre  boundary 
condition without effect on the flow in the upstream is employed at the outlet. In the 
present study, the Reynolds number of particle is based on the relative velocity of the 
fluid with respect to the particle and the kinematic viscosity, which is defined as 
迎結椎 噺 通鳥程                           (19) 
where u is the averaged fluid velocity through the center of the particle, Ȟ is the 
kinematic viscosity, d is the characteristic length. For the non-sphere particle, the 
diameter of the volume-equivalent sphere is used to define the Reynolds number and 
the drag coefficient. The hydrodynamic drag force is defined as the parallel 
component of the combined shear and pressure forces acting on the surface of the 
immersed particle, as follows 繋帖 噺 怠態 系帖貢畦椎憲態                       (20) 
here CD is the drag coefficient, Ap is the projected area, and for the non-spherical 










Fig. 2. Computational domain of the flow past a single particle 
 
3. Results and discussion 
3.1. Flow past a stationary spherical particle 
The resolution of spherical particle is determined by the numbers of lattices for 
discretizing the diameter of the sphere. As shown in Fig. 3, the particle diameter has a 
great impact on the particle resolution, which is increased with increasing the particle 
diameter. The increase in resolution results in a decrease of th sphere roughness, and 
a smoother sphere is obtained under the higher resolution. Fig. 4 presents the 
evolution of drag coefficient at Reynolds numbers (Rep) of 3 and 722. As expected, 
the flow around the sphere is steady at low Rep, the predicted drag coefficient keeps 
almost constant after 6000 time steps. With the increase in R p, the flow will change 
from steady to unsteady flow. Saha (2004) and Holzer and Sommerfeld (2009) 
investigated the transition flow from lower Rep to moderate Rep for cube and sphere, 
respectively. At higher Rep (Rep = 722), the variation of the drag coefficient is more 
pronounced with a stronger oscillation, which is derived from the appearance of 
vortex shedding at higher Rep. Combining the results for both the low and high Rep, 
the time step from 6000 to 10000 is applied to calculated the tim -averaged drag 
coefficient in the following discussion. 
 
dp (Voxels)  10         20         30         40         50         64 
Fig. 3. Digitization of sphere particle 
 








































Time steps  
Fig. 4. Instantaneous behavior of drag coefficient (dp = 40 voxels) 
 
Fig. 5 exemplarily indicates the time-averaged drag coeffici nt (CD) as a function 
of spherical particle resolution. Here, two well-known correlations are used to verify 
the predicted ability of digital coupling with Lattice Boltzmann methods, i.e. Clift et 
al correlation (1978) and Haider and Levenspiel correlation (1989). The correlation of 
Haider and Levenspiel (1989) was derived from experimental data for spherical, 
isometric and non-isometric particles in terms of Reynolds number and sphericity, 
which is calculated as the ratio between the surface area of the volume equivalent 
sphere and the surface area of the considered particle. Good agreement between the 
two correlations is obtained, whilst only a small difference observed at the low Rep. 
Significant deviations have occurred between the correlation predicted data and the 
simulated CD for dp = 10 voxels. With increasing the sphere diameter (particle 
resolution), the simulated results are tend to close to the corr lation predicted data for 
different Rep. The difference between the simulated result and correlation prediction 
increases with the increase in Rep.  
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Fig. 5. Effect of particle resolution on the drag coefficient at different Reynolds 
number 
 
The profiles of time-averaged drag coefficient in a wide range of Reynolds 
number are plotted in Fig. 6. It is obvious that the CD is not sensitive with the number 
of cells for discretizing the sphere diameter at lower R p (Rep<10). The simulated 
results are consistent with the correlation prediction and experimental data. In the 
current work, the experimental data are corrected from 480-point raw data with 
eliminating the influence of the wall effect (Brown and Lawler, 2003). When the Rep 
is higher than 10, the simulated result is closely dependent on the particle resolution, 
and the influence of particle resolution on the relative error in CD increases with 
increasing the Rep. Meanwhile, the over prediction of CD tend to decrease with 
increasing the particle resolution. Despite the present comparison is only performed in 
the relevant range of Rep, as the Rep continues to increase higher than 1000, the 
behavior of CD progressively changes to tend asymptotically towards a constant value 
under different particle resolutions. The deviations of CD at the high Rep are attributed 
to the decrease in represented resolution along the radial direction of sphere. 
Therefore, a higher resolution is necessary for the accurate prediction of flow past a 
fixed sphere particle at high Rep.  
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Fig. 6. Comparison of the drag coefficient of sphere particle against experimental data 
and empirical correlation 
 
3.2. Flow past a stationary non-spherical particle 
The drag force acting on a non-spherical particle is expected to differ from a 
spherical particle due to its geometrical shape. Three empirical correlations are 
employed to describe the profiles of non-spherical particle drag coefficient in this 
study. As can be seen in Figs. 7 and 8, all correlations showa decreasing trend in CD 
with increasing Rep. Different correlations are in good agreement with each other at 
low Rep (Rep<10) for both the square cylindrical and cubic particles. For higher Rep 
values, CD becomes less sensitive to the change of Rep. The minimum CD is predicted 
at intermediate Rep by the the correlations of Haider and Levenspiel (1989) and 
Ganser (1993), but not by the correlation of Holzer and Sommerfeld (2008).  
The predicted profiles for non-spherical particle are similar to that of the spherical 
particle. The drag coefficient is slightly higher than that of spherical particle, this 
trend is more obvious at high Reynolds numbers. Comparison of the numerical results 
and those from the derived correlations demonstrates the good prediction of CD at low 
Rep for both cubic and cylindrical particles. However, an interesting observation is 
exhibited in the region from moderate Rep to high Rep. The simulated values tend to 
agree with the correlation of Holzer and Sommerfeld (2008) for cylinder. On the other 
hand, the difference occurs for the cubic particle, the correlation of Ganser (1993) 
predicts more accurate drag coefficients before the transform point, whilst Fig.8b 
shows the good agreement between the numerical results and the prediction of Haider 
and Levenspiel (1989) after the transform point. This phenomenon is consistent with 
the finding of Holzer and Sommerfeld (2008). They pointed out that the correlation of 
Haider and Levenspiel (1989) and Ganser (1993) predict more accurate CD than that 
of Holzer and Sommerfeld (2008) correlation for the isometric particle (cube in this 
study), the mean relative deviations between experimental da  and the correlations of 
Haider and Levenspiel (1989) and Ganser (1993) are approximate 6.5%, while 10.9% 
for the correlation of Holzer and Sommerfeld (2008). However, for the non-isometric 
particle (cylinder), the mean relative deviations between th  experimental data and the 
correlations of Haider and Levenspiel (1989) and Ganser (1993) are 42.3% and 32.4%, 
respectively. A slightly better drag coefficient is predicted by the correlation of Holzer 
and Sommerfeld (2008) with relative error of 29%. Moreover, it is worth noting that 
the current resolution for cylinder (L = D = 40 voxels) and cube (L = 40 voxels) 
produce an accurate and reasonable results. This also implies that the deviation for 
sphere is largely due to the decrease in resolution in the radial direction for sphere. 
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Fig. 7. Comparison of the simulated drag coefficient against empirical correlations 
(cylindrical particle) 
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Flow past a spherical or non-spherical particle has been conducted over a wider 
range of Reynolds numbers than previously reported. The results have been analyzed 
and compared with published experimental data and empirical correlations. The main 
findings can be summarized as follows. The various tests for spherical or 
non-spherical particle confirm the reliability of the present new computational method, 
good agreement between the simulated drag coefficient and the experimental date or 
empirical correlations is achieved in a wide Reynolds number region. The prediction 
accuracy for sphere is not sensitive to the resolution at low Reynolds number 
(Rep<10), but becomes so in the moderate to high Reynolds number range 
(10<Rep<1000). Moreover, differences in the morphology of non-spherical particles 
result in different drag coefficient profile, and this becomes more evident with 
increasing Reynolds number. The simulated drag coefficients for cylindrical particle 
(non-isometric particle) and cubic particle (isometric particle) are consistent with the 
empirical correlations, which are established based on a large number of experimental 
data from the literature. This adds our confidence for the coupling of DigiDEM and 
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